We observed the afterglow of GRB 130427A with the RATIR instrument on the 1.5-m Harold L. Johnson telescope of the Observatorio Astronómico Nacional on Sierra San Pedro Mártir. Our homogenous griZY JH photometry extends from the night of burst to three years later. We fit a model for the afterglow. There is a significant positive residual which matches the behavior of SN 1998bw in the griZ filters; we suggest that this is a photometric signature of the supernova SN 2013cq associated with the GRB. The peak absolute magnitude of the supernova is M r = −18.43±0.11. 
INTRODUCTION
Gamma-ray bursts (GRBs) are the most energetic events in the universe and are produced at cosmological distances. They can be classified according to their duration T 90 , the time interval in the observer's frame over which 90% of the total background-subtracted counts are observed (Koshut et al. 1995) . This parameter has long pointed to a bi-modal distribution (Kouveliotou et al. 1993) .
Long GRBs (T 90 > 2 s) are today thought to be the result of the core-collapse of a star (Woosley 1993; MacFadyen & Woosley 1999; Hjorth & Bloom 2012) with an initial mass with more than 10 M (see Woosley & Bloom 2006 , for a review), while short GRBs (T 90 < 2 s) are thought to be the result of mergers between two compact objects (Lattimer & Schramm 1976; Paczynski 1986 Paczynski , 1991 Eichler et al. 1989; Narayan, Paczynksi & Piran 1992) like black holes or neutron stars (see Lee & Ramirez-Ruiz 2007; Nakar 2007 , for reviews).
Woosley (1993) specifically proposed a way in which the core collapse of massive stars could lead to a long GRB, and thus be possibly associated with a supernova (SN) (Modjaz 2011; Woosley & Bloom 2006; Bersier 2012; Hjorth 2013) . In this scenario, the optical emission from the SN would appear a few days after the GRB, when the ejecta becomes optically thin. This leads to two ways to identify the presence of a SN associated with a GRB. First, by the appearance of the broad spectral lines characteristic of SN a few days after the burst, and second, through a rebrightening in the lightcurve of the GRB after a few days due to the broad-band emission of the SN. The identification of a SN associated with GRB 980425 (Galama et al. 1998) showed that at least some GRBs are truly linked to the core collapse of massive stars.
Subsequently, other SNe have also been associated with long GRBs. Confirmed spectroscopic cases are listed in Table 1 . Most or perhaps all of these SNe are type Ic. Usually the hosts of GRB-SNe are blue, star-forming galaxies (Fynbo et al. 2000; Foley et al. 2006; Hammer et al. 2006; Fruchter et al. 2006; Niino 2013 ) and the events occur within a low metallicity environment (Modjaz et al. 2008) .
Simply taking into account the rates of SNe and GRBs, however, it is apparent that not all core-collapse SNe produce long GRBs, and special conditions are required in order to successfully power a burst. These probably involve rotation, magnetic fields, chemical composition, binarity, or a combination of the above and are not yet fully resolved. Thus, precise observations of a significant sample of GRBs associated with SNe are fundamental in order to determine the evolutionary pathways that can lead to such a link. Given that the current sample is extremely limited, studying single events like SN 2013cq associated with GRB 130427A in great detail offers the opportunity to provide unique additional insights and to eventually lead the way to a statistically significant sample, and this is the main motivation for the present paper.
GRB 130427A is one of the most brightest gammaray burst in the last few years, and had E γ,iso = 1.40 × 10 54 erg in total isotropic energy release (Ackermann et al. 2014 ) and E γ,peak = 1028±8 keV (Maselli et al. 2014) . It was detected at high energies by several satellite-borne instruments and lead to a flurry of ground-based observations. In total, there have been 91 GCN Circulars related to GRB 130427A. Its redshift was measured to be z = 0.34 . RAPTOR (Rapid Telescope for Optical Response) observed a bright optical flash with a magnitude of 7.03 ± 0.03 in the time interval from 9.31 s to 19.31 s after the GBM trigger (Vestrand et al. 2014) . The bright optical flash at early times was modeled with synchrotron emission from reverse shocks (Vestrand et al. 2014; Fraija et al. 2016) . Perley et al. (2014) show multi-wavelength optical/infrared photometry of the afterglow of GRB 130427A, and explain the afterglow through synchrotron radiation and suggest a massive-star progenitor. Spectroscopy with the 10.4-m GTC telescope reported by Xu et al. (2013) showed a broad-lined Ic SN 2013cq associated with GRB 130427A.
This paper presents a detailed set of calibrated and uniform photometry of the bright GRB 130427A with the RATIR instrument in the griZY JH filters. The major advantages of our work compared to earlier papers (Perley et al. 2014; Xu et al. 2013; Melandri et al. 2014 ) is that our photometry is generally deeper, has better temporal sampling, and we subtract the host galaxy using deep late-epoch image. Furthermore, our data were all obtained with the same instrument, using the same observing strategy, and were all processed in the same way. This means that our data are naturally homogeneous. The paper is organized as follows: in §2 we present the observations; in §3 we fit the data using segments of power-law according to the fireball model;
in §4 search for the signature of SN 2013cq in the the difference between the host-subtracted measurements and the power-law afterglow model; in §5 we discuss the results and summarize our conclusions.
OBSERVATIONS

Fermi and Swift
The Gamma-Ray Burst Monitor (GBM) instrument on the Fermi satellite triggered on GRB 130427A at 07:47:06.42 UTC on 2013 April 27 (von Kienlin 2013). Subsequently, the Burst Alert Telescope (BAT) on the Swift satellite triggered on the GRB at 07:47:57.51 UTC (Maselli et al. 2014) . The duration measured with BAT was T 90 = 163 s (Barthelmy et al. 2013) , making GRB 130427A a long GRB.
RATIR
The Reionization and Transients Infrared Camera (RATIR) is a four-channel simultaneous optical and near infrared imager mounted on 1.5-m Harold L. Johnson Telescope at the Observatorio Astronómico Nacional on Sierra San Pedro Mártir in Baja California, Mexico. RATIR responds autonomously to GRB triggers from the Swift satellite and obtains simultaneous photometry in riZJ or riY H (Butler et al. 2012; Watson et al. 2012; Littlejohns et al. 2015) . In manually-programmed follow-up observations, the g filter can be substituted for r.
RATIR began to observe the field of GRB 130427A 15.5 minutes after the BAT trigger, and continued to observe it intensively over the subsequent weeks. On the first night, the r detector failed, so we only have data in iZY JH. On subsequent nights, we have data in riZY JH. After one week, we began to observe in g as well. We reobserved the field on several nights in 2014 and 2016 mainly to place constraints on the host galaxy.
Our reduction pipeline performs bias subtraction and flat-field correction, followed by astrometric calibration using the astrometry.net software (Lang et al. 2010) , iterative sky-subtraction, coaddition using SWARP, and source detection using SEXTRACTOR (Littlejohns et al. 2015) . We calibrate against SDSS and 2MASS (Littlejohns et al. 2015) . The systematic calibration error is about 1%.
The individual exposures were 80 s in gri and 67 s in ZY JH filters (with the infrared exposures being shorter because of their longer read-out overhead). On the first night, we consider the exposures individually. For the second to the fifth night, we combined sets of 16 exposures taken over about 30 minutes to improve the signalto-noise ratio. For the remaining nights in 2013, we combined all of the exposures for each night, for 2014, we combined several nights, and for 2016, we combined all of the exposures. The image quality in the final images was typically 2 arcsec FWHM.
We obtained aperture photometry using a 3 arcsec diameter aperture. Table 6 gives our aperture photometry. For each image it gives the start and end time, t 0 and t f , the total exposure time t e , the magnitude, the 1σ total uncertainty (including both statistical and systematic contributions), and the filter. These magnitudes are not corrected for Galactic extinction.
We also obtained PSF-fitting photometry of the afterglow and supernova in our 2013 and 2014 images after subtracting the host galaxy using our 2016 image. For each image, we estimated the point-spread function (PSF) by co-aligning and summing images of stars (as categorized by the SDSS) within 3 arcmin of the GRB. We subtracted the 2016 image from the earlier images using HOTPANTS (Becker 2015) and fitted the PSF to the residual. Even though our image quality is typically 2 arcsec FWHM, we cannot reliably perform PSF-fitting on the unsubtracted images because the galaxy is offset about 0.8 arcsec to the south-east of the afterglow (Levan et al. 2014) . Table 6 also gives our PSF-fitting photometry. The main advantage of PSF-fitting is that the statistical uncertainties are reduced typically by about 20%. Figure 1 shows the RATIR optical and near-infrared light curves. (Maselli et al. 2014 ) (stars) and Palomar P60 (points) (Perley et al. 2014 ) and VLT ) (triangles). The RATIR photometry shown here is our aperture photometry of the afterglow and host galaxy.
-
a GRB (e.g. Fraija et al. 2016) , and can be different for each filter. Optical radiation has three possible origins: internal shocks in the jet, the forward external shock, and the reverse external shock (Sari & Piran 1999) .
The afterglow phase can be explained by assuming a power-law energy distribution of shocked relativistic electrons, N (E) ∝ E −p , which lead to the observed flux being a series of power-laws segments as a function of time t and frequency ν as F syn ν ∝ t −α ν −β (Sari et al. 1998) . RATIR began to observe after the end of the prompt emission, so we only have photometry for the afterglow. We divided these data into two epochs: the early afterglow for time t < 0.1 days (the first night) and the late afterglow for the t > 0.7 day (the second and subsequent nights). This division was guided by the analysis of Perley et al. (2014) , who report a change in the slope of the light curve at t = 0.7 days. We have no data between t = 0.1 and t = 0.7 days.
3.1. Host galaxy Volnova et al. (2013) suggested that SDSS DR12 galaxy object 1237667431180861948 was the host galaxy of the GRB. This was subsequently confirmed by the close agreement in redshift between absorption lines in References.
- (1) the GRB spectrum Xu et al. 2013; Flores et al. 2013 ) and emission lines from the galaxy (Xu et al. 2013) . Levan et al. (2014) obtained HST images of the afterglow and host galaxy. They suggested that the host is a moderately star-forming, possibly interacting, disk galaxy and the GRB occured about 0.8 arcsec (4 kpc) from the nucleus. Table 2 reports our RATIR griZYJH aperture magnitudes from 2016 and magnitudes from the SDSS DR12 image using the same apertures and calibrating stars. The magnitudes from our image are consistent with the magnitudes from the SDSS image, but have lower uncertainties.
We can estimate the rest-frame g−i color and M i magnitude from our observed r − Y color and Y magnitude (see Table 4 for the correspondence between rest-frame and observed bands) assuming a ΛCDM model with a H 0 = 67.8 km/Mpc/s (Planck Collaboration et al. 2014) . We obtain a rest-frame g − i = 0.23 ± 0.08 and a restframe M i = −19.91 ± 0.07. These properties place it among the most extremely blue galaxies in the z ≈ 0 sample of Gavazzi et al. (2010) .
3.2. Early Afterglow (t < 0.7 days) To characterize the early afterglow data (t < 0.7 days), we used the iZY JH aperture photometry from Table 6 as the contribution of the host galaxy can be neglected at early times. We fitted the flux densities with a powerlaw model F = A E t −αE , in which F is the flux density in the filter, A E is a constant, t is the time since the BAT trigger (in days), and α E is the temporal index, assumed to be the same for all filters. The model has six free We minimized the value of χ 2 to find the best-fit parameters. The final fit has a χ 2 /n = 1.64 with n = 100 degrees of freedom. The best-fit parameters are given in Table 3 . The errors were calculated using the standard deviation of the best-fits parameters after Gaussian perturbations around the flux values observed over 10,000 trials. Table 7 shows the residuals to the fit in the sense of data minus model in units of µJy.
3.3. Late Afterglow (t > 0.7 days) To characterize the late afterglow (t > 0.7 days), we use the griZY HJ flux densities from our PSF-fitting photometry of the subtracted images from Table 6 . We fitted with a model F = A L t −αL , in which F is the flux density in each filter, A L is a constant, t is the time since the BAT trigger (in days) and α L is the temporal index, assumed to be the same for all filters. The model has eight free parameters: the seven values of A L and the one value of the index α L .
TABLE 3 Fit parameters
Parameter Band
Value
Again, we minimized the value of χ 2 to find the best-fit parameters. To avoid the worst contamination from the SN, we fitted only the data points from 0.7 to 7 days and from 40 days onwards. The final fit has a χ 2 /n = 1.05 with n = 327 degrees of freedom. The best-fit parameters are given in Table 3 . The errors were calculated using the standard deviation of the best-fits parameters with Gaussian perturbations to the flux value and 10,000 trials. Figures 2 to 8 show the data and the best fit. Table 8 shows the residuals to the fit in the sense of data minus model in units of µJy.
RESULTS
SN Component
The host-subtracted measurements minus the the bestfit afterglow models (Table 8) , henceforth residuals, are show in Figures 2 to 8. These residuals show a rise and fall from about 7 to about 40 days, confirming the suggestion of Watson et al. (2013) . We propose that this is the photometric signature of SN 2013cq.
To compare our data to SN 1988bw at a redshift of z = 0.0085 (Tinney et al. 1998), we need to account for the effects of redshift on the luminosity distance, observed band, and time dilation. For the luminosity distance, we used a λCDM model with a H 0 = 67.8 km/Mpc/s (Planck Collaboration et al. 2014) . The effect of redshift on the filters is shown in Table 4 . In this table, the first and second column give the RATIR filter and its central wavelengthλ at z = 0, the third column gives the central wavelengthλ in the rest frame of SN 2013cq at z = 0.34, and the fourth and fifth give the corresponding JohnsonCousins filters and their central wavelengths at z = 0. Fortuitously, there is a good correspondence between the RATIR griZY H filters at z = 0.34 and the Johnson U BV RIJ filters at z ≈ 0. The time dilation correction is a factor of (1 + 0.34)/(1 + 0.0085) = 1.33. Figure 9 compares our photometry of SN 2013cq with that of SN 1998bw shifted to z = 0.34 (Galama et al. 1998; Clocchiatti et al. 2011; Foley et al. 2006) , both bands in rest frame. Qualitatively, the agreement is good, especially in the bluer griz filters although compared with SN 1998bw, SN 2013cq is fainter in g-band while is brighter in the riz filters.
The peak times, calculated by adjusting third-degree polynomials to the residuals (between 7 and 40 days), are 17.66, 17.33 and 22.00 days with χ 2 /d.o.f. of 0.62, 0.92 and 0.06 respectively, for the g, r, and i bands, and are consistent with Xu et al. (2013) . A similar fit to the Z band did not produce a convincing fit (the reduced χ 2 /d.o.f. was 5.44) and so we do not have confidence in the peak time for that band.
Moreover, Figure 9 also compares our residuals with the P60 (Perley et al. 2014) , NOT (Xu et al. 2013 ) and VLT photometry. This shows the superior temporal coverage of the RATIR data (we have photometry for every night from nights 5 to 40) and the lower noise. For example, the errors (associated with the observations) in our residuals, calculated around the SN peak in r -band (between 18 and 26 days after the GRB trigger) are around 0.48 µJy, while Perley et al. (2014) , Xu et al. (2013) , and Melandri et al. (2014) give estimated errors of 1.7, 1.5, and 0.7 µJy for their photometry with P60, NOT, and VLT, respectively.
We determined the peak flux density and magnitudes of SN 2013cq and SN 1998bw shifted to z = 0.34, by averaging the residuals from days 18 to 26. These are given in Table 5 . The SEDs at the peak flux of both supernovae are shown in Figure 10 . Within our considerable uncertainties, the broadband SED of SN 2013cq is compatible with that of SN 1998bw for 300-800 nm and suggest similarities in the ejected 56 Ni masses and kinetic energies between both SNe. For SN 2013cq the rest-frame M r magnitude (from our observed Z magnitude) is M r = −18.43±0.11 for SN 2013cq, which is close to the measured M r = −18.48 ± 0.08 for SN 1998bw.
SUMMARY
We have presented griZY JH photometry of the afterglow of GRB 130427A with the RATIR instrument from the night of the burst to 3 years later. Comparing our work to previous photometric studies (Perley et al. 2014; Xu et al. 2013; Melandri et al. 2014) , we have better temporal sampling, deeper photometry, and we subtract a deep late-epoch image to remove the host galaxy. Perley et al. (2014) were better able to study the afterglow over the first couple of days and show the existence of a temporal break at about 0.7 days. Our data, on the other hand, are better suited to looking for deviations from simple power-law model at later times associated with a supernova.
We fit the early afterglow (up to 0.7 days) and late afterglow (after 0.7 days) with power-laws. Prior to fitting for the late afterglow, we subtracted a late image to remove the contamination from the host galaxy. The temporal index of the power-law components changes from 0.97 during the early afterglow to 1.41 during the late afterglow, in agreement with the values and temporal break around 0.7 days determined by Maselli et al. (2014) and Perley et al. (2014) .
Positive residuals to the fits in griZ between about 7 and 40 days show that we are seeing the photometric signature of SN 2013cq, previously detected spectroscopically by de Ugarte Postigo et al. (2013) and Xu et al. (2013) and photometrically by Perley et al. (2014) , Xu et al. (2013) , and Melandri et al. (2014) . The absolute magnitude and broadband SED of the supernova are consistent with those of the prototype SN 1998bw and suggest similar progenitors. The peak times agree with the reported by Xu et al. (2013) and is detailed for griz bands. The absolute magnitudes calculated match with SN 1998bw for riz bands. Our better temporal coverage and deeper photometry give us an improved light curve compared to previous work (Xu et al. 2013; Perley et al. 2014; Melandri et al. 2014) . Photometric data obtained three years after the GRB 130427A suggest that the host galaxy is extremely blue compared to local samples. GRB 130427A is among the handful of events with a confirmed GRB/SN association. In addition it is a highluminosity event, differing from sub-luminous, very local ones such as GRB980425/SN1998bw. The combination is thus unique, and the detailed, homogeneous photometry here presented aims to enlarge the sample for which detailed inferences can be made, eventually in a more statistically significant way when combined with other bursts. Then, the photometry here presented aims to enlarge the sample for which detailed inferences can be made, eventually in a more statistically significant way when combined with other bursts.
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